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ABSTRACT

Photoionization rates in the E and F regions were computed on
the basis of recent data on solar ultraviolet flux, reference atmos-
phere, and absorption cross-sections. These rates were found to be
ten to hundred times larger than previous values but in harmony

ER B = S o P ITR] o+ bt oA s e { - - 5 . 1
with the requisite rates deduced from radioc propagation studies.

Our results show that the E region ionization is mainly due
to radiation in the spectral range 900-1027 A and less than 5 percent
to soft X-rays. The base of the E region, 95-105 km, is controlled
largely by Lyman beta. The Lyman continuum (911-850 A), the C III
line at 977 A, and other lines in the range 900-1000 A contribute to

the upper E region.

The electron production in the F region is primarily due to
ultraviolet radiation in the range 100-900 A. At sunrise the maximum
ionization rate is at about 300 km, roughly coinciding with the peak
of nighttime electfon density but the maximum descends ‘to about 150 km
for zenith sun. The F2 peak is apparently due to the combined result

of the daytime enhancement of electron density and the slow recom-

bination., The F, ledge follows the maximum of ionization and descends

1
to 150 km as the solar zenith angle goes from 90 to 0°. Electron

densities computed with the aid of observed recombination coefficients

are in good agreement with values obtained from rockets and satellites.
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I. INTRODUCTION. Although some thousands of papers have

discussed the formation, nature, and behavior of the E and F regions of
the ionosphere, as yet we do not have a quantitative and generally
acceptable description of the origin of these regions. A study of even
a few review articles shows that our knowledge of the basic data on
solar radiation flux, concentration of atmospheric constituents at
various altitudes, and photoionization cross section as well as total
cross section of each constituent at various wavelengths has been very
inadequate, so that an investigator had to resort to assumptions or
rough estimates in order to arrive at conclusions. For example, some
investigators have ascribed the iqnization in the E region to solar
x-rays, while others have given preference to the photoionization of
O2 by solar ultraviolet radiation in the spectral range 900-1027 A.

A decision can be made readily as soon as the flux in the relevant
spectral ranges is quantitatively established. In other words, we
have too many theories on the origin of the ionosphere, and now the

problem appears to be one of determining the relative importance of

several possible mechanisms on the basis of new data.

In the past several years, major advances have been made in the
measurements of the necessary data, particularly by means of
rockets and satellites. Although some of the data are not sufficiently
precise, one can make a more detailed and quantitative study of the
photoionization rates than it was previously possible. Nicolet and

Aiken (1) have already made a rather thorough study of the D region



which involves radiation in the spectral ranges 1100-1340 A and below
10 A. 1In the present study, we are primarily concerned with the E and

F regions which involve a different spectral range, 10-1100 A.

Before we calculate the ion production rates we must make
some selections from the three categories of basgic data because these
data are not firmly established, and in some cases they disagree by
more than an order of magnitude. Despite the'uncertainties inherent in

uch selections, there exist some reliable observations which can guide

us towards a fairly consistent set of parameters.

IT. SOLAR ULTRAVIOLET FLUX. The major observational gap in

the solar spectrum, 100-1100 A, has been largely closed during the past

(2) (3)
two years by the work of Hinteregger et al.’ , Rense et al. ,
4 _
and Tousey et a1.'( ).” Their results show that the solar spectrum in

this region is quite different from all previous estimates or assumed
spectra, and for the first time, calculations of ion-production rates

for the E and F regions can be based on realistic values of solar flux.

The solar spectrum in the range 100-1100 A is very complex;
there are many emission lines both weak and strong and there are also
emission continua such as the Lyman continuum of hydrogen which pro-
vides a significant amount of energy. Therefore, the ion-production
rates must be calculated in terms of solar flux at many wavelengths
rather than in terms of a single continuum such as a blackbody curve or

a few emission lines.

o



According to the results of these observers, the incident solar

ultraviolet flux in the spectral region 100-1100 A is much larger than

an earlier estimate, 0.1 erg cm'zsec-1 by Havens et al.(s) For

example, according to Tousey's preliminary photographic data (4) the in-

1

tensity of Lyman beta (1025.7 A) alone is 0.06 erg cm™2sec™t; Hinteregger

using a photoelectric technique has observed a combined flux of 2.8 ergs

‘sec-1 in the range 60-1000 A at an altitude ot 210 km; whiie keese

(3)

cm”

2

and Rense extrapolated as much as 15 ergs cm” sec-1 for the He II

line at 304 A from photographs obtained at about 200 km.

In the present study, the magnitude of the minimum ion production
rates was used as a guide to select the solar flux from the available
data. Bates (8) has already pointed out that the flux used by
Havens, Friedman, and Hulburt (5) lead to insufficient ionization
rates. On the other hand, the flux of 15 ergs em™2sec™! for the He II
line (3) gives too high rates of ionization when the flux of other
emission lines and continua is proportionately included. Some pre-
liminary calculations for the altitude range 90-400 km indicated that
the data by Hinteregger (2) and Tousey (4) lead to reasonable ionization

rates.

The solar flux shown in Table 1 was used in our computation of
photoionization rates. For the spectral range 900-1027 A, the
listed values lie between those by Tousey and by Hinteregger, the
latter being higher. For the range 100-911 A, the selected flux is

about 30 percent higher than the flux observed by Hinteregger et a1(2)

at 210 km but

[¢]
[§)
o
0

i ut one-third their extrapolated value. Such an



Solar flux, I  in 108 photons cm”

1027-10 A at normal incidence outside of Earth's atmosphere.

Table 1

sec

, for the spectral range

of weak lines and continuum are lumped together for each interval,

while the prominent lines are listed separately.

The Io's

A Gin 4) I, . (in A) I,
1025.7 Ly p 35 629.7 oV 10
1011 lines 2.5 610,625 MgX 10
1000-1027 3.5 584.3 Hel 15
989.8 N III 10 554 01V 2
977.0 C III 29 537 Hel 4
972.5 Ly Y 9.7 520 Si XII 9
949.7 L1y & 4.0 500-650 60
937.8 Ly € 2.3 499 Si XII 5
934,944 S VI 1.9 303.8 He II 68
930-1000 6.7 300-500 63
911~930 13.7 250-300 21
850-911 134 170-250 25
834 0 II,III 6 100-170 4,5
800-850 21 60-100 4.2
788,790 O IV 5 40-60 0.5
770,780 Ne III 5 20-40 0.15
650~-800 71 10-20 0.01

~



extrapolation, of course, depends on the choice of reference atmosphere

and absorption cross sections; in the present case, the correction is

much less, as discussed below.in Seétion V. ' For the region 10-100 A, the
) . . \ . -2

total flux given in Table 1 is a little higher than the 0.1 erg cm

-1 . 7y .

sec ~ obtained by Byram et al. who matched the responses of three

photon counters to a single coronal temperature. Some values in

Table 1 are our estimates based on visual comparison of emission

@ .

lines in the solar spectrum’ The uncertainty in the total flux

9
is probably no more than a factor of two, since Hinteregger et al. (2)
have used a photoelectric technique which is very amenable to energy

calibration and quite insensitive to scattered light.

The longest - wavelength in Table 1. corresponds to the
first ionization potential of O2 but it should be noted that photons

of longer ' wavelengths can ionize O, in the excited state. For example,

2

at a temperature of 1000°K about 10 percent of O, molecules are in the

2
first vibrational level; hence, radiation of - wavelengths up to 1043 A
can ionize these molecules. In the altitude region above about 150 km,
the solar O VI emission lines at 1032 A and 1038 A with intensities

(6 x 109 photon cm-zsec-l) comparable to that of Lyman beta can

produce some ionization.

2
>
z
3
A
2
]
&
o
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ENSITIES. Atmospheric densities

in the F region are now fairly well known from satellite observations.
These densities are about one to two orders of magnitude larger than
estimates based on extrapolation of earlier rocket data measured at

altitudes below 200 km; in particular, the large discrepancy at about



———— ———— ——

200 km seems to have been removed by recent rocket and satellite

data (8 through 11).

The curve of atmospheric density shown in Fig. 1 was
used in the present study. For densities in the region 100-200 km,
the results of Soviet rocket measurements (&) rather than those by
Horowitz and LaGow (12) have been used because the former are more
consistent with satellite data at about 200 km. For the region
170-250 km, our curve is closér to the satellite values by Champion and

(9) than those by Schilling and Sterne (10) ; this choice

(8)

makes our curve nearly coincide with the Soviet rocket data . For

Minzner

the region 250-400 km our curve falls about 20 percent below the results
of Mikhnevich et al. (8) ;3 however, our curve (not shown in Fig. 1)

falls on the points at 450 and 750 km given by Siry (11)

Thus, our
reference curve does not depart very much from most of the recent data,

and its uncertainty is probably no more than a factor of two over most

of the range.

One of the serious deficiencies in our knowledge is the
atmospheric composition in the E and F regions which is requifed to
calculate the numbe? densities of major constituents. Although the
composition of ionic particles has been measured with mass spectrometers
by American and Soviet investigators, we lack data on neutral constitu-
ents which have much larger number densities. For example, we have no
experimental data on the dissociation of N2 and the degree of mixing

and diffusion in the region above 150 km .

[whY
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Some theoretical calculations (13,14) have indicated that N2

is nearly completely dissociated in the region above 200 km; the

actual case seems to be quite the contrary. For example, the absorption
of solar Lyman gamma in Tousey's photographs (4) suggests that there
(15)

are considerable amounts of N2 molecules above 200 km. Istomin

has reported that O * and N, ions are present up to 500 km and the

2 2
+
amount of N in the region 200-400 km appears to be small compared to
+ . (16) .
that of O . Recently, Nicolet has presented curves showing that

NO and atomic nitrogen are minor constituents in the region above

100 km up to about 400 km.

(17)

Byram, Chubb, and Friedman have reported that rocket

measurements give 45 percent dissociation of O, at 110 km and 67 percent

2

at 130 km. Bates and Nicolet (18), however, have used somewhat lower

values: 24 percent at 150 km and 65 percent at 300 km.

In view of these uncertainties, we have considered several models
of atmospheric composition based on different amounts of 02 and N2 dis-

sociation and diffusion. These models were tested against solar spectra

(2,3,4)

at various altitudes. Several emission lines in the region
1000-1500 A were used to check O2 absorption in the altitude range 100-

150 km and the Lyman gamma line to check N, absorption at higher altitudes.

2

Such test did not lead to a sharp discrimination of the several models, but

(18)

a model similar to that used by Bates and Nicolet appeared to be

the most satisfactory. This model assumes a relatively low amount of
O2 dissociation as mentioned above, negligible amount of N2 dissocia-

tion up to 400 km, and increasing amount of diffusion above 200 km,



making the number density of O comparable to that of N, at altitudes

2
above 300 km.

The number densities n of O, 02, and N2 which were used in
the present study are listed in Table 2 . These densities are on the

(18)

whole somewhat lower than those by Bates and Nicolet since we

adopted somewhat lower atmospheric densities.

The transmission of solar ultraviolet radiation can be

calculated from the layer thickness L which is defined by

L = n ds (1)

L
n
()
where n is the number density of a given constituent, n is Loschmidt's
number, s = path length in cm, and L = layer thickness in cm (at STP).

The values computed by numerical integration for O, 02, and N, at

2

vertical incidence are listed in Table 2.

L for other zenith angles Z were also computed. For Z up
to about 80°, the factor sec Z dl may be used in place of ds in Eq. 1,

the error introduced being smaller than other uncertainties.

Emphasis should be given to the fact that the change of L
with increasing Z depends roughly on the ''scale height." This depend-
ence appears to be very important in the formation pf the F region. Since
the number density decreases rather rapidly with height, we can repre-

sent its distribution approximately by

n=n exp (- %) (2)



Number density n (in particles/cm3) and layer thickness L (in cm

Table 2

reduced to STP) at various altitudes h (in km)

n L
h
0 o, N, 0 0, N,

90 | 7.1x10!! 16x1013  4.2x10%3 | 3.8x107% 2.14x1071 8.2x1071

95| 7.3 . 2x1012 1.62 2.36 8.4x10"% 3.3

100 | 4.2 .55 6.2x101% | 1.30 3.6 1.46

105 | 2.3 .5x1011 2.7 7.2x107% 1.63 7.0x1072
110 [ 1.13 .8 1.18 4.1 8.3x1073 3.7

115 | 5.8x10%° .31 5.7x10°Y | 2.64 4.7 2.14

120 | 3.3 .1x101° 3.1 1.84 2.96 1.36

130 | 1.29 A 1.09 1.07 1.41 6.8x10"3
140 | 6.6x10° .10 5.1x1010 | 7,4x10"% 8.3x107% 4.0

150 | 3.8 .7x10° 2.7 5.6 5.2 2.63

160 | 2.5 3 1.62 4.t 3.6 1.85

170 | 1.75 1 1.07 3.7 2.62 1.36

180 | 1.28 42 7.3x10° 3.1 1.97 1.03

200 | 8.1x10% .5x108 4.0 2.37 1.22 6.2x10™%
220 | 5.8 .6 2.4 1.87 7.9%1075 4.0

250 | 3.7 .3 1.12 1.35 4.3 2.1

300 | 1.98 .1x107 3.8x108 | 8.4x10"> 1.63 8.4x10"5
350 | 1.20 .2 1.57 5.4 6.5x107% 3.8
400 | 7.9x107 .32 7.2 x 107 | 3.6 2.6 1.81
500 | 3.6 .9x108 1.6 1.6 4x1077 4x107°

10



where o, = number density of a given constituent at a given height h,

x = height above h, and H is taken as a constant (height constant) but
not in general equal to the conventional "scale height." 1In our model
at 300 km, H is about 60 km for 02 and 120 km for O. Using Eqgs. 1

and 2, letting dx = ds, and taking zero and infinity as limits, we

obtain

H
L - b (3)

For Z = 900, ds is replaced by the approximate quantity (R/2x)% dx
where R is the distance to the Earth's center from h; then integral

(1) becomes

L' = ;h- (R/2%) % err‘ﬁ")dx - ®Rw/2% (4
[o]

0
The ratio of the L's is

L'/L = (R‘n“/ZH)% (5
Letting R = 6600 km, we have
L'/L~100/(H)}§ - (6)

where H is now in km. At 100 km, H is less than 10 km for N but at

2’
300 km, it is one order of magnitude larger. Thus, the change of layer

e . - o o, :
thickness as Z goes from O to 90 is significantly different for the E

and the F regions.

IV. ABSORPTION AND PHOTOIONIZATION -CROSS SECTION

Our knoﬁledgé*ﬁf the.absorption‘éross section,although incomplete,appears

=t
-t



to be adequate for the present purpose, since our computations involve
many wavelengths and indaccuracies at a few wavelengths have only small
effects on the total rates. Furthermore, available daté include many
lines found in the solar spectrum. Published data on absorption cross
sections have been reviewed(lg) and some recommended values for O

(

. . . 20
and N2 are given in the Appendix. Dalgarno ) has presented new sets
of recommended values tor O atom from its ionization threshold teo 0.1 A

(see Appendix).

The wavelengths corresponding to the ionization threshold of

02, 0, and N2

of photoionization rates require both the total absorption and the

are, respectively, 1027, 911, and 796 A. Calculations

photoionization cross sections of these constituents, since part of the
solar ultrviolet flux in the region below 1027 A is removed by absorp-

tion processes not leading to ion production. For example, solar Lyman
gamma (972.5 A) can ionize O2 molecules but is almost entirely absorbed

by N2 molecules at altitudes above 200 km and makes negligible contri-

(21)

bution to the ionosphere. As pointed out by Kato , part of the

solar Lyman beta is absorbed by atomic oxygen, but the amount appears

(22)

to be small due to the fact that Lyman beta is broadened as in

the case of Lyman alpha (23)

Atmospheric absorption in the spectral range 800-1100 A which is

important to the E region is essentially controlled by O2 and N2'

For O both the absorption and and photoionization cross sections

2’
(24)

have been measured by Watanabe and Marmo at many wavelengths.

12



et al.

But for NZ’ published data are meager and poor due to the complexity of
the N2 absorption spectrum. Absorption coefficients vary from almost
zero to as high as 7600 cm-1 in this region. Some data by Itamoto

(25)

were used in the present study.

For the spectral region 100-800 A which is important to
the F region, available data are rather meager; however, the spread in
the absorption coefficient is comparatively small owing to the fact

that

(p]

ontinous absorption sets in for all major constituents. The
spread is probably from 100 cm-1 to 1000 cm-l. For example, at 584 A,
the absorption coefficients of 02, Nz, and O are, respectively, 540,
520, and 350 cm-l, and at 304 A, respectively, 300, 160, and 250 cm_l.
The photoionization yield is also uniformly high, nearly 100 percent in

most cases. Thus, errors in the cross section appear to be less serious

than errors in atmospheric composition.

V. PENETRATION OF SOLAR ULTRAVIOLET. The solar ultraviolet

flux available at each altitude is calculated by means of the equation
I=1I exp (-3 kL) (7)

where IO and I are the incident and transmitted flux for a given wave
length, ki = absorption coefficient of each constituent, and Li is the

layer thickness for each constituent as given in Table 2 . Trans-

mission, T in percent, is defined by

T = 100 (1/10) (8)

[
)



The results for some of the wavelength at vertical
incidence are shown in Fig. 2. Similar calculations were made for

other solar zenith angles: Z = 70.50, 84.3° and 90°.

Fig. 2 combined with other results not drawn in, show
that for Z = 0°, radiation of wavelengths. 800-1027 A is absorbed
mainly in the altitude range 100-150 km (E region), while radiation in
the range 100-800 A is absorbed mostly at altitudes 140-200 km or the
lower F region. Only a small portion of the solar ultraviolet is
absorbed in the region above 200 km at Z = 0° since the absorption
coefficient of thefg:gggigigtless than 1000 cm-1 at most wavelengths.
An interesting exception is Lyman gamma; at its ' wavelength, k = 7600
cm-1 for N2 and about 1000 cm,-1 for 02. Our results for the depth of
penetration are somewhat higher than our previous estimates (19)

because the new atmospheric densities above 150 km are much higher than

pre-satellite data.

The results of our calculations were checked against photo-

(4)

graphs of solar spectrum For example, the solar C III line at
977 A penetrates to about 110 km and Lyman gamma down to 200 km, in
agreement with rocket observations; no serious discrepancies were
found but the available spectra are still insufficient to permit
quantitative comparisons. It should be borne in mind; however, that
laboratory absorption coefficients may not be directly applicable if
the solar emission line is much broader than the corresponding line

used in the laboratory. This appears to be the case in Lyman gamma,

which may be detectable at altitudes below 200 km.
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Fig. 2 is &lso consistent with the rapid change in the
scale height at about 120-170 km (see Fig. 1)+ Since the maximum
rate of absorption of most radiation in the range 100-1100 A occur in

this altitude region, there should be considerable heating here.

Transmission curves similar to Fig. 2 have been presented

(26)
for the x-rays by Friedman‘( )/.

VI. PHOTOIONIZATION RATES. Mathematical expressions for the

rate of ion-pair production in the atmosphere under the action of solar
. (27,28,29) (30,31)
radiation have been derived by Chapman and others
7
using various assumptions. The original Chapman theory" assumes
monochromatic radiation, isothermal atmosphere, and a single gas con-
stituent. The theory has been extended to include other assumptions

1(30,31) and band absorption(zs) . These

such as varying scale height
derived expressions serve as valuable theoretical background but cannot
be applied readily to the present'conditions (varying composition,
varying scale height, complex solar spectrum and many absorption and
photoionization cross sections). Therefore, we have used

numerical summation of the various components as was done for the layer

thickness L.
-1

s , s -3
The photoionization rate p in ion-pair cm ~ sec = at a

given altitude was computed according to the expression

e 1y Sop np - 9)

where %% is theultraviolet flux for a given wavelength at the given altitude

as derived by Eq. (3.7), oy = photoionization cross section of each

16



constituent at each wave length, and n, is the number density of each

constituent at the given altitude.

It is of interest to subdivide the total p at each altitude
into contributions from several spectral ranges: 911-1027 A which

ionizes only O 796-911 A which ionizes both O and O

9 100-796 A which

, and Nz; and 10-100 A which is absorbed in the E region.

23

ionizes O, 02

The photoionization rates were calculated for Z = Oo, 70.50,

84.30, and 900; Figs. 3 and 4 show the rates for Z = 0° and

Z = 84.30, respectively. The broken curves represent the contributions
of the four spectral ranges and the solid curve with two principal
maxima, érand ﬂ{, gives the total rate. Fig. 4 also shows secondary
maxima between 6; and ;f . For Z = 00, the lower maximum is at about
105 km (E region) and the higher maximum is at about 150 km (bottom of
the F1 region). For Z = 84.30, the corresponding maxima have shifted
to 120 and 260 km, respectively.b The larger shift of the maximum ﬁV
is due to the large scale height in the region above 150 km as dis-
cussed in Section IIT and is the basis for the formation of the

F2 region.

The photoionization rates obtained in the present study

are from 20 to 100 times larger than those computed by Havens, Friedman,

(5)

and Hulburt as shown in Table 3.

17
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Table 3

PHOTOIONIZATION RATES (ION-PAIR CM'3 SEc'l)
Altitude (km) 150 200 250 300 350
Havens et al. 200 80 20 5 1.6
grjsggt study 3900 2200 890 380 180
7z = 90° 17 36 125 155 115

The results obtained in the present study appear to be
more in line with the requisite rates deduced from radio measurements.

(32)

Johnson found it necessary to increase the flux used by Havens

et al. ) by fifteen times in order to account for the high tempera-
tures existing in the F region, and his indirect estimate of the flux
for the He II line at 304 A is remarkably close to Hinteregger's (2)

results.

The comparatively high ionization rates in the F region
for Z = 90° show that ionization in this region is not negligible even
during the twilight period. The ionization rate at about 300 km changes
only by a factor of two throughout the day, but at 150 km the change is

more than a factor of 102.

VII. FORMATION OF THE E REGION. The two competing theories for

the formation of the E region are: (A) photoionization of 02,

0, + hQ (800-1027 A)=> 02+ +e (10)

nN
(]



as proposed by Wulf and Deming (33) and modified by Nicolet (34);

(b) general ionization of air by soft X-rays (10-100 A) suggested by

(35) and Hulburt (36) (37-46)

Vegard in 1938. Many investigators
have made studies to determine the dominating précess; however,

these studies were based on rather incomplete data and often on incorrect
assumptions such as blackbody solar spectrum. Most investigators(47)
seew Lo favor the X-ray theory on the basis of intensity measurements

(7,26,40)
by Byram, Chubb, and Friedman ; while Watanabe, Marmo, and

(44)

Pressman have given reasons for not rejecting the molecular

oxygen theory.

The present study differs from earlier work in that we have
used a flux (0.6 erg cm'zsec-1 or about 2.8x1010 photons cm_zsec-l)
in the region 800-1027 A much higher than previous estimates (less than
0.001 erg cm™2sec™! by Byram.gg;il(4o) and about 0.01 by Kamiyama(46)).
The higher flux does not appear to be too high because it is about a
factor of two lower than Hinteregger's value () at 210 km and the in-
tensity of Lyman beta obtained by Tousey is quite consistent with the

intensity of Lyman alpha. For the soft X-ray region, 10-100 A, we have

used the value observed by Byram et a1(7).

——

If the selected intensities are approximately correct, soft X-
rays contribute less than 5 percent to the total ionization rate in the
E region. Thus, the electron production of the normal E region is appar-

ently due to photoionization of O, by the action of ultraviolet radiation

2
in the range 800-1027 A. Some 0% ions are formed in the upper E region

by radiation in the spectral region 800-911 A which includes the strong

Lyman continuum of hydrogen.
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During the time of flares, the x-ray intensities may be

enhanced considerably and may make a greater contribution to the E

region electron density. 1In fact, according to Friedman'(48) » X-ray

3 : : . "'2 —1
intensities as high as 1.0 erg em ~ sec = have been observed. However,

in view of the difficulty in the interpretation of photon counter

7

data , it seems desirable to study this spectral region with

monochromators.

(1)

According to Nicolet and Aikin the dissociative

recombination rates for N2 is 5x10-7 cm3sec-1 and for 02 3x10"8 cm3

-1 . .
sec ~. If these rates are approximately correct, the effectiveness of

x-ray ionization is reduced because the slower reaction

02+ +e=>0' 4+ 0" (11)

will tend to control the electron density in the lower E region.

. + .
As we proceed upward, the relative amount of O ion

increases, additional amount of radiation in the region below 911 A

(49).

becoming available. Following Bates , the recombination of 0+

ion may be largely controlled by the reactions.

o + 0, -903"' +0 (12)
+ ] 1"
O2 +e=>0'4+0 (12a)
where Eq. 12 tends to become the rate limiting process; on the other

hand,N2+ recombines rapidly by dissociative recombination.
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Our computations show that the base of the E region is
controlled mainly by Lyman beta and partly by other radiation in the
spectral region 1000-1027 A where N2 is very transparent. For example,
in the case of Z = 00; Lyman beta contributes about 80 percent of the
total ionization rate at 100 km and about 70 percent at 105 km, so that
the electron density curve in the region 95-105 km should closely
approximate an ideal Chapman curve. Above this region there is
increasing superposition of Chapman-type curves due to several prominent
emission lines in the spectral region 900-1000 A. Our results for the
lower E region appear to be in harmony with the description by Ratcliffe

(50)

and Weekes "The shape of the layer and the way in which its
height varies through the day are roughly what would be expected for an
equilibrium Chapman layer found in an atmosphere of scale height 8 km,

with its peak at a level of 105 km for vertically incident ionizing

radiation."

The electron density and effective recombination in the

E region will be discussed in SectionIX.

VIII. FORMATION OF THE F REGION, A clearer picture of the

vertical distribution of electron density has now become available

(51)

through rocket and satellite measurements. Jackson , for example,

B TR 4
has constructed a curve showin

g 2 peak in the F2 region and only a

""ledge'" in the F. region in place of the peak inferred from numerous

1

ground-based radio observations. In the light of the new data, the

term F. peak should be revised to F

1 ledge.

1



(52)

Early theories of the F layer have usually invoked

two different absorption processes to explain the origin of the two F

(53)

regions; but according to Bradbury's hypothesis both "layers" are

produced by the same radiation and the double layer is due to the rapid
. 6,37
decrease of recombination coefficient with altitude. Bates‘( )

considers this hypothesis to be essentially correct.

Our study of the various radiation and related cross
sections has failed to reveal any photoionization process giving maxi-
mum, noontime rate in the F2 region. As shown in Fig. 2, Lyman
gamma is largely absorbed in the F2 region by N2 rather than 02, s0 its

“absorption provides negligible amounts of ionization.

The radiation responsible for the ionization in the F1 and
F2 regions lie in the broad spectral range 100-.:911 A, with the 304 A
line of He II as the strongest emission line and large contributions
from the ionization continua of hydrogen and helium. As shown in
Fig. ~ 3, ultraviolet radiation in this range at vertical incidence
produces a maximum ionization rate at 150 km; however, it should be

emphasized that many wavelengths and several absorption processes are

involved.

A further insight into the production of the F. ledge and

1
F2 peak can be obtained with the aid of Fig. 5 which shows the
photoionization rates for different zenith angles. At sunrise the maxi-
mum ionization rate ¢ is at about 300 km, approximately coinciding
with the height of the peak of the nighttime electron demsity ((hflOS

-3 . .
cm ). Hence, during about an hour period around sunrise, there is a

~n
P
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comparatively high "build up" of electron density at this altitude due
to the combined effect of the low recombination rate and relatively
high ionization rate. As the sun rises, the location of the maximum
ionization rate ¢ descends rather rapidly to the F1 region, but due to
the higher recombination rates found at lower altitudes, the F2 electron
density peak at 300 km or somewhat lower does not correspondingly shift
downward; only a ledge appears in the electron density curve and
descends to about 150 km. In other work, the so-called 'splitting' or
"bifurcation" of the F layer is the result of the enhancement and per-
sistence of the F2 peak and the movement of the F1 ledge. Thus, our

(53) (37)

study supports the work of Bradbury , Bates and others.

The behavior of the F region ionization is much more complicated
than our simple picture may suggest, and no doubt other processes must be
included in order to explain the numerous irregularities and anomalies

observed by radio techniques.

In the next section we briefly discuss the question: '"Are the
calculated ionization rates consistent with the observed electron

densities?"

IX. ELECTRON DENSITY AND RECOMBINATION COEFFICIENT IN THE E

AND F REGIONS. The following equation may be used to estimate the

electron density and its variation with time:
dn/dt = q - ek n’ (13)

where n = electron density, q = effective electron production rate and
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ol = effective recombination coefficient. Published values of(>< show

a wide spread; for example, Bates and Massey(54) have used 1x1078 cm3sec_l

for the E layer (at 120 km) and Mitra and Jones(ss) have reported 6x1078

8 1

cm3s,ec'l at 100 km and 1.6x10" at 140 km. The variation of

cmBSec_
o with altitude is approximately represented by the broken curve in
Fig. 6, which shows a rapid decrease of o between 150 and 300 km. 1In
the following paragraphs we attempt to show by Eq. 13 and with assumed

values of X that the calculated photoionization rates give electron

densities approximately agreeing with observed values.

Near the bottom of the E region at about 105 km, photons in the

range 1000-1027 A produce most of the electrons by photoionization of 02,

since the absorption by 0 and N, is negligible. Therefore, q in Eq. 13

is nearly equal to the calculated photoionization rate, p. The effective

rate is very small at sunrise but reaches about 100 cm 3sec™! after one-

half hour and exceeds 500 cm':’sec-1 in 2 hours. By numerical integration

and successive approximation, n is found to increase rapidly during the

same period so that we have quasi-equilibrium, which permits us to let

dn/dt ~~0 in Eq. 13. Using o = 2.5x1078 cm3sec'1, q = 1400 cm-3sec-1

for Z = 0 (see Fig. 5), we obtain n = 2.4x105 cm-3 which is the correct
order of magnitude for the maximum electron density in the E region (see
solid curve in Fig. 6). It should be added that x-rays produce some

N2+ and 0" ions (as well as some O +), the former recombining more

2

+ , -
and the latter more slowly. Ionic composition deter-

2
. (56) + .
mined by Johnson et al shows that O2 is much more prevalent

rapidly than O

+ . ;
than O  at this altitude; thus their result tends to support our calculations.
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Furthermore, the effective recombination coefficient of 2.5x10'8 cm3 sec”!

at this altitude appears to be compatible with the process of dissociative

recombination of 02

In the upper E region at about 130 km, the radiation in the region
below 911 A as well as radiation in the region 911-1000 A plays an im-
portant role, especially for near vertical sun. Photons in these regions
can ionize O and N2 as well as 02. It is important to note in passing

to . (56) . .
that NO which is the most numerous ion at this altitude may be
+ +
produced by one or more reactions involving O and N discussed by

Bates and Nicolet (18).

+
Since N2 presumably disappears by dissociative
recombination faster than the other ions discussed here, we cannot let
e -3 -1
the calculated photoionization rate (2500 cm “sec ) equal q. However,
q cannot be obtained directly from p because it is necessary to know
the several recombination processes and their rates, as well as the
number densities, photoionization cross sections, and the spectral
. . . . . + .
intensity distribution. Tentatively we may assume that N2 recombines
so rapidly that the photoionization of N2 constitutes only a minor con-
tribution to the electron density. Hence, for this altitude we take
q equal to about one-fourth of p. This value of q combined with c&~=
-8 3 -1 . _ 5 -3 .
1.7x10 ® cm”sec ~ yields n = 1.7x10"cm ~ for the noontime electron
density. This density is somewhat lower than that for the 105 km level,

and it seems possible that there is a shallow minimum in the electron

density curve.

Near the bottom of the Fl region at about 170 km, the nighttime
3

electron density is about 104 cm ~, and according to our numerical
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-3 at the end of the

integration, this density is increased to 105 cm
first hour after sunrise. After this period, we have quasi-equilibrium
as in the E region. Taking q equal to about one-fifth the calculated

photoionization rate (3500 cm-BSec'l) and letting X = 6x10”2 cm3sec—1,

we obtain n = 3.4x105 cm.3 as the maximum electron density of the F

(51)

1

ledge; this value is in line with the electron density curve
The recombination cocefficient used here is comparatively high but is

consistent with the relatively high 0, concentration in our model at-
mosphere (Table 4). 1In other words, the slower recombination process

involving 0" is not fully effective as the rate determining process.

In the F, region at about 300 km, the nighttime observed electron

2
density is about 2x10° cm_3 and according to our numerical integration,
this density is only doubled during the first hour after sunrise and
increases rather slowly compared to the situation at lower altitudes.
"As shown in Fig. 5, the photoionization rate is nearly constant after
the initial one hour. If q in Eq. 13 is constant, the electron density

is given by the equation

n = (q/ ok );2 tanh [ (¢ q)l/2 t + const.:‘ (14)

X
and n approaches the limit (q/ ©L )*. 1If we let q be one-third of the
photoionization rate (the relative amount of N2 being less here than at
- - -3
lower altitudes) and K = 8x10 11 cm3sec 1, we obtain n = 1.3x106 cm

as the maximum electron density which compares favorably with observed

values.
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Table 4. Estimated electron density,ne, versus altitude (h in km)

h p q/p ng
95 400 1 1.2x10° electron/cmd
105 1400 1 2.4

120 1500 5 2.0

130 2500 ¥ 1.9

150 3900 ¥ 3.0

170 3400 ¥ 3.8

200 2200 ¥y 5

250 890 1/3 10

300 380 1/3 13

350 180 ¥ 15

400 92 ¥ 14
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Similar estimates of electron density at other altitudes are
listed in Table 4 and also shown by points in Fig. 6. The combined
uncertainty in our data may be as high as a factor of five, so that
the present estimites are only semi-quantitative. However, these
values indicate a maximum electron density at about 350 km, a ledge in
the electron density curve at about 150 km, a possible minimum at about

130 km, and a lower maximum about 105 km.

X. CONCLUSION. As a summary we briefly list several conclusions
which may be drawn from the present study, although some of them must
be regarded as tentative.

1. The solar ultraviolet flux used here leads to reasonable

photoionization rates; hence, the intensities observed by Hinteregger

et al and Tousey et al are probably correct to within a factor of five

and possibly a factor of two.
2., 1Ionization in the E region can be explained by the ultraviolet
radiation in the spectral range 900-1027 A. The base of the E region
is due to Lyman beta. Soft x-rays make only a small contribution,
unless the reported intensity is too low by at least an order of magnitude.
3. Both the F1 and F_ regions are produced mainly by radiation
in the range 100-900 A and Bradbury's hypothesis is essentially correct.
The F1 ledge can be correlated to the peak of the photoionization rate
and the F2 peak can be ascribed to the combined effect of the low

recombination rate and the comparatively high photoionization rate

throughout the day at an altitude of about 300 km.
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4. The calculated photoionization rates yield quasi-equilibrium
electron densities roughly agreeing with observed values in the alti-
tude range 90-400 km.

5. The calculated photoionization rates are consistent with the
theory that the recombination rate of the E region is large controlled
by the dissociative recombination of 02+.

6. The recombination rate in the F2 region is probably controlled
by the recombination of ot as proposed by Bates.

7. The greatest uncertainty in our calculation is the composition

of the atmosphere above 150 km.

33



ACKNOWLEDGMENT

We gratefully acknowledge our indebtedness to Drs. H.E. Hinteregger

and R. Tousey who provided valuable material on the solar ultraviolet

spectrum.

34



APPENDIX

As mentioned in Section IV, available data on absorption coeffi-
cient of O2 and N2 are incomplete and there are disagreements. Ex-
perimental values at many of the prominent lines are listed in Table 5.
For 0,, the available data is fairly satisfactory; a rather dense dis-
tribution of absorpticn coefficient and ionization vield in the region
850-1100 A have been reported by Watanabe and Marmo (24) ang k-values
at many wavelengths down to 200 A have been determined by Lee (57),
Photoionization yield (%% of 0, in the region 850-1027 A vary be-
tween 50 and 100%, and according to Wainfan et al (58) the yield is
similarly high at shorter wavelengths. For the present purpose, the

yield may be taken as equal to unity or %.

For N2 the uncertainty is somewhat greater especially in the
spectral region 800-1000 A. Here, we do not have the ionization con-
tinuum as in the case of O2 and there is a large variation in the
k-value. It was found necessary to make estimates from a high dis-

(59) as well as

persion absorption spectrum of N2 obtained by Ogawa
to use new laboratory data obtained by Itamoto et al (25) | For example,
the stromg Lyman continuum lie throughout the spectral range 850-911 A.
Here,absorption coefficients of 10, 100, 500, and 2000 em™1l were used

with the following weight distributions: 5%, 45%, 45%, 5%, respectively;

this method was considered preferable to the usual method of using

a single '"mean'" coefficient.

(20)

For atomic oxygen, the values recommended by Dalgarno were used

(see Table 6).
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Table 5. Absorption coefficient (k in cm'l) of N2 and Oy for

some solar ultraviolet emission lines in the region

200-1000 A

A N2 O2
200 200 300
303.8 He II 160 500
584.3 He 1 520 540
609.7 Mg X ? 600
787.7 0 IV 250 ?
790.2 0 IV 670 ?
832.7 0 III 92 670
833.3 0 11 260 380
833.7 0 I1I 230 340
835.3 0 I1II 120 300
903.6 C 11 300 250
903.9 C 11 25 240
904.5 C 11T 250 210
937.8 H1I 200 115
949.7H I 90 160
972.5H1I 7600 1000
977.0 C 111 1007 90
989.8 N III ? 60
1025.7 H 1 0.01 45
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Table 6. PHOTOIONIZATION CROSS SECTIONS 0~ OF ATOMIC OXYGEN IN CM
ACCORDING TO DALGARNO
Wavelength (A°) o (cm?) Wavelength (A°) & (cm®)
911 2.6 x 10718 153 2.2 x 10718
769 3.4 x 10718 131 1.5 x 10718
732 3.5 x 10°18 115 1.1 x 10718
100 8.5 x 10719
83 5.3 x 10719
70 1.7 x 10712
52 2.3 x 10719
732 7.6 x 10718 40 1.2 x 10719
665 8.6 x 10718 34 9.1 x 10°20
30 6.8 x 10720
26 4.1 x 10720
. 22.8 2.0 x 10720
665 1.1 x 10717
587 1.3 x 10°17
525 1.3 x 10717 -
475 1.3 x 107Y7 22.8 5.3 x 10°19
455 1.1 x 1077 20 4.0 x 10719
435 9.8 x 10718 15 2.0 x 10719
8 3.6 x 10720
6 1.6 x 10-20
5 9.5 x 10721
4 5.0 x 10721
435 1.3 x 10”7 3 2.1 x 10721
400 1.2 x 10°17 2.5 1.3 x 10721
365 1,0 x 10°17 2.0 6.7 x 1022
315 8.0 x 10718 1.5 6.7 x 10722
310 7.8 x 10718 1.0 8.8 x 10723
‘ : 0.8 4.7 x 10723
0.6 2.3 x 10723
0.5 1.5 x 10723
0.4 1.0 x 10723
310 1.0 x 10~17 0.3 7.0 x 10°24
290 9.2 x 10-18 0.25 5.8 x 10724
270 8.0 x 10718 0.20 5.0 x 10724
245 6.3 x 10-18 0.15 4.4 x 10-24
220 5.1 x 10718 0.12 4.1 x 10724
185 3.4 x 10718 0.10 3.8 x 10724
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